Introduction {#sec1-0300060520928831}
============

Esophageal cancer (EC), which mainly consists of esophageal adenocarcinoma and esophageal squamous cell carcinoma, is the eighth most common cancer and the sixth leading cause of cancer death globally.^[@bibr1-0300060520928831][@bibr2-0300060520928831]--[@bibr3-0300060520928831]^ Because of tumor metastasis and infiltration, the prognosis of esophageal cancer is unfavorable, and it is difficult to completely remove the tumor via surgery.^[@bibr4-0300060520928831]^ Therefore, it is necessary to develop potent antitumor agents that inhibit the growth and metastasis of EC.

Proline-rich protein 11 (PRR11), a newly discovered gene encoding a 360-amino acid protein on human chromosome 17q22, is upregulated in various tumors.^[@bibr5-0300060520928831]^ Silencing or downregulating PRR11 expression can suppress cellular proliferation, inhibit tumor metastasis, and reduce tumor growth *in vivo*.^[@bibr6-0300060520928831]^ Thus, PRR11 might be a potential new target for antitumor agents that treat EC. Chalcone scaffolds are present in biologically active molecules including synthetic and natural products, and chalcone-containing compounds exhibit potent antitumor activity.^[@bibr7-0300060520928831]^ In this work, we discovered a chalcone that inhibited the growth and metastasis of EC. Importantly, this chalcone suppressed PRR11 expression and regulated the Wnt/β-catenin pathway.

Materials and methods {#sec2-0300060520928831}
=====================

Chemistry section {#sec3-0300060520928831}
-----------------

The chalcone was synthesized by our group and identified using ^1^H NMR and 13C NMR (Bruker 400 and 100 MHz spectrometer, Beijing China). The molecular weight was determined using high-resolution mass spectrometry (Micromass Q-Tof micro Mass Spectrometer, Waters, Beijing, China).

Cell culture and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay {#sec4-0300060520928831}
---------------------------------------------------------------------------------------------

EC cells (KYSE-4, KYSE-180, EC-109) were maintained in Roswell Park Memorial Institute 1640 medium (Hyclone, GE Healthcare, Chicago, IL, USA) supplemented with 10% fetal bovine serum (FBS, Hyclone, GE Healthcare) and 1% penicillin-streptomycin (Hyclone, GE Healthcare) in an atmosphere of 5% CO~2~ at 37°C. All cell lines were purchased from the China Center for Type Culture Collection (Wuhan, China). The cells were incubated with the chalcone derivative for different intervals. Then, MTT solution (Hyclone, GE Healthcare) was added and the cells were incubated for 4 hours at 37°C. The MTT-containing medium was discarded, 150 µL of DMSO were added, and the plate was agitated until the dark violet color completely dissolved. The absorbance was measured using a microplate reader at 570 nm (PNXD-M96, Beijing Potenov Technology Co., Ltd., Beijing, China).

Migration assay {#sec5-0300060520928831}
---------------

Animals were treated according to the protocols established by the ethics committee of Henan Medical College, and the experiments were conducted in accordance with approved guidelines following approval by the ethics committee of Henan Medical College (Ethics Committee reference number: HMC-2019).

KYSE-4 cells were seeded in 24-well Transwell plates (Corning, Corning, NY, USA) and treated with the chalcone for different intervals (24, 48, and 72 hours) and at different concentrations (0.5, 1, and 2 µM). Then, 1% heat-inactivated FBS and 20% FBS were added into the upper and lower chambers, respectively. After incubation, the medium was removed, and the chambers were washed with PBS. The migrating cells were fixed via incubation in methanol for 20 minutes and stained with Hoechst-33258 (Hyclone, GE Healthcare).

Invasion assay {#sec6-0300060520928831}
--------------

Animals were treated according to the protocols established by the ethics committee of Henan Medical College, and the experiments were conducted in accordance with approved guidelines following approval by the ethics committee of Henan Medical College (Ethics Committee reference number: HMC-2019).

KYSE-4 cells were seeded in 24-well Invasion plates (Corning) and treated with the chalcone for different intervals (24, 48, and 72 hours) and at different concentrations (0.5, 1, and 1.5 µM). The plates were wetted before use. Then, 1% heat-inactivated FBS and 20% FBS were added into the upper and lower chambers, respectively. After incubation, the medium was removed, and the chambers were washed with PBS. The cells were fixed via incubation with methanol for 20 minutes and stained with Hoechst-33258.

Western blot {#sec7-0300060520928831}
------------

Animals were treated according to the protocols established by the ethics committee of Henan Medical College, and the experiments were conducted in accordance with approved guidelines following approval by the ethics committee of Henan Medical College (Ethics Committee reference number: HMC-2019).

KYSE-4 cells were cultured with different concentrations (0.5, 1, and 1.5 µM) of the chalcone for 24, 48, or 72 hours. Equal amounts of cell lysates were denatured, and separated via sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Then, proteins were transferred to a PVDF membrane, which was blocked with milk-containing buffer for 2.5 hours at room temperature and incubated with a primary antibody overnight at 4°C. The next day, the PVDF membrane was incubated with a secondary antibody. Protein bands were visualized using an enhanced chemiluminescence kit (Thermo Fisher Scientific, Waltham, MA, USA).

Xenograft assay {#sec8-0300060520928831}
---------------

BALB/c nude mice were purchased from Hunan Slack Scene of Laboratory Animal Co., Ltd. (Hunan, China). A xenograft model was established in BALB/c mice using KYSE-4 cells. The treatment group received the chalcone derivative daily at a dose of 80 mg/kg for 21 days.

Ethical approval {#sec9-0300060520928831}
----------------

Animals were treated according to the protocols established by the ethics committee of Henan Medical College, and the experiments were conducted in accordance with the approved guidelines and following approval by the ethics committee of Henan Medical College (Ethics Committee reference number: HMC-2019).

Results {#sec10-0300060520928831}
=======

Chemical structure of the chalcone analog {#sec11-0300060520928831}
-----------------------------------------

The structure ([Figure 1](#fig1-0300060520928831){ref-type="fig"}) was synthesized by our group. The chalcone was a yellow solid, and its melting point was 175°C. The structure was fully characterized by ^1^H NMR, 13C NMR, and HRMS. ^1^H NMR (400 MHz, CDCl~3~) δ 9.47 (s, 1H), 8.01 (d, *J* = 8.7 Hz, 2H), 7.80 (d, *J* = 15.7 Hz, 1H), 7.69 to 7.63 (m, 4H), 7.53 (d, *J* = 15.7 Hz, 1H), 7.42 (dd, *J* = 5.1, 2.0 Hz, 3H), 4.40 (s, 2H), 4.27 (s, 2H), 3.98 (s, 2H), 2.57 to 2.50 (m, 4H), 2.34 (s, 3H). 13C NMR (100 MHz, CDCl~3~) δ 195.65, 188.91, 167.28, 144.44, 142.21, 134.97, 133.76, 130.45, 129.87, 128.94, 128.42, 121.84, 119.15, 54.29, 45.54, 40.35. HRMS (ESI) calcd. for C~23~H~26~N~3~O~2~S~2~ \[M + H\]^+^: 440.1466, found: 440.1469.

![Chemical structure of chalcone.](10.1177_0300060520928831-fig1){#fig1-0300060520928831}

The chalcone inhibited the proliferation of EC cells {#sec12-0300060520928831}
----------------------------------------------------

The antiproliferative activity of the compound was examined using EC cells (KYSE-4, KYSE-180, and EC-109). As presented in [Figure 2a](#fig2-0300060520928831){ref-type="fig"}, the chalcone derivative displayed moderate-to-potent antiproliferative activity against all EC cell lines with an IC~50~ of 1.06 to 2.68 µM. The proliferation of EC cells was obviously decreased by 24, 48, or 72 of incubation with the chalcone at a concentration of 1 µM ([Figure 2b](#fig2-0300060520928831){ref-type="fig"}). These results indicated that the chalcone analog inhibited the proliferation of EC cells in a concentration- and time-dependent manner.

![Antiproliferative activity of the chalcone derivative in esophageal cancer cells. (a) Esophageal cancer cells were treated with different concentrations of the chalcone (0.5, 1, and 2 μM) for 48 hours. (b) Esophageal cancer cells were treated with the compound at a concentration of 1 μM for different durations (24, 48, and 72 hours).](10.1177_0300060520928831-fig2){#fig2-0300060520928831}

Chalcone inhibited the migration against KYSE-4 cells {#sec13-0300060520928831}
-----------------------------------------------------

Metastasis involves the detachment of cancer cells from the primary tumor and their transport as circulating tumor cells through the bloodstream or lymphatic system to other parts of the body.^[@bibr8-0300060520928831]^ The migration of cancer is a pivotal step in the metastatic process.^[@bibr9-0300060520928831]^ Based on the results of growth inhibition assays, KYSE-4 cells were selected to explore the inhibitory effects of the chalcone on migration ([Figure 3](#fig3-0300060520928831){ref-type="fig"}). Treatment with the chalcone for 48 hours at concentrations of 0.5, 1 and 1.5 µM decreased the migration rate of KYSE-4 cells to 54.2%, 37.5%, and 16.7% of the control level, respectively (all P \< 0.05). Meanwhile, treatment of the cells at a concentration of 1 µM for 24, 48, and 72 hours decreased the migration rate to 34.6%, 15.4%, and 11.5% of the control level, respectively (all P \< 0.05).

![Inhibitory effects of the chalcone on the migration of KYSE-4 cells. (a, c) KYSE-4 cells were treated with the different concentrations of the chalcone (0.5, 1, and 1.5 μM) for 48 hours. (b, d) KYSE-4 cells were treated with the compound at a concentration of 1 μM for different durations (24, 48, and 72 hours). The data are presented as the mean ± SEM. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, significantly different versus the control.](10.1177_0300060520928831-fig3){#fig3-0300060520928831}

The chalcone inhibited the invasion of KYSE-4 cells {#sec14-0300060520928831}
---------------------------------------------------

Local tumor invasion is a key event during tumor progression that can lead to metastasis and poor patient outcomes.^[@bibr10-0300060520928831]^ We evaluated the inhibitory effects of this chalcone analog on the migration of KYSE-4 cells. As shown in [Figure 4](#fig4-0300060520928831){ref-type="fig"}, the chalcone analog inhibited the invasiveness of KYSE-4 cells in a concentration- and time-dependent manner. Treatment with the compound at concentrations of 0.5, 1, and 1.5 µM for 48 hours reduced invasion rates to 78.6%, 32.1%, and 14.3% of the control level, respectively (all P \< 0.05). When KYSE-4 cells were exposed to 1 µM for 24, 48, and 72 hours, the invasion rates versus the control were 83.3%, 55.6%, and 22.2%, respectively.

![Inhibitory effects of the chalcone on the invasion of KYSE-4 cells. (a, c) KYSE-4 cells were treated with different concentrations of the chalcone (0.5, 1, and 1.5 μM) for 48 hours. (b, d) KYSE-4 cells were treated with the compound at a concentration of 1 μM for different durations (24, 48, and 72 hours). \*\**P* \< 0.01 and \*\*\**P* \< 0.001, significantly different compared with the control by test.](10.1177_0300060520928831-fig4){#fig4-0300060520928831}

Chalcone decreased the expression of PRR11 and inhibited epithelial-mesenchymal transition (EMT) in KYSE-4 cells {#sec15-0300060520928831}
----------------------------------------------------------------------------------------------------------------

EMT is a significantly pathophysiological process in the development of esophageal squamous cell carcinoma.^[@bibr11-0300060520928831]^ Recent studies illustrated that PRR11 regulates cancer cell invasion and proliferation.^[@bibr12-0300060520928831]^ In this work, we found that the chalcone analog decreased the expression of PRR11 ([Figure 5b)](#fig5-0300060520928831){ref-type="fig"}. Morphological changes induced by the compound were evaluated using a wound-healing assay. As shown in [Figure 5a](#fig5-0300060520928831){ref-type="fig"}, the chalcone obviously inhibited wound healing in KYSE-4 cells. In addition, the treatment increased the expression of E-cadherin and decreased that of EMT-related markers (N-cadherin and Slug).

![(a) Chalcone blocked epithelial-mesenchymal transition (EMT) in KYSE-4 cells in a wound healing assay. (b) Western blot analysis of proline-rich protein (PRR11) and EMT-related markers (E-cadherin, N-cadherin, and Slug) in cells treated with the chalcone. GAPDH served as a loading control.](10.1177_0300060520928831-fig5){#fig5-0300060520928831}

### A chalcone regulated the Wnt/β-catenin pathway in KYSE-4 cells {#sec16-0300060520928831}

Wnt/β-catenin signaling pathways comprise a group of signal transduction pathways that play significant roles in cell proliferation and metastasis.^[@bibr13-0300060520928831]^ Wnt activation has been observed in lung cancer, breast cancer, and EC, and it contributes to tumor recurrence.^[@bibr14-0300060520928831]^ In this work, we next examined the protein expression of Wnt pathway-related makers such as β-catenin, GSK-3β, and TCF4. As shown in [Figure 6](#fig6-0300060520928831){ref-type="fig"}, the chalcone analog upregulated the expression of GSK-3β and downregulated that of β-catenin and TCF4. These results indicated that this chalcone could inhibit the Wnt/β-catenin pathway in KYSE-4 cells.

![Western blot analysis of Wnt/β-catenin signaling components. GAPDH served as a loading control.](10.1177_0300060520928831-fig6){#fig6-0300060520928831}

### In vivo *antitumor effects of the chalcone* {#sec17-0300060520928831}

Given the obvious inhibitory effects of the chalcone on KYSE-4 cells, we also evaluated its *in vivo* antitumor effects in mice bearing KYSE-4 tumors following subcutaneous implantation. After treatment with the chalcone, body weight, tumor weight, and tumor volume were measured and recorded. As shown in [Figure 7](#fig7-0300060520928831){ref-type="fig"}, treatment with the chalcone remarkably inhibited tumor growth, whereas the body weight of mice was almost unchanged, supporting the antitumor efficacy and low global toxicity of the therapy.

![*In vivo* antitumor effects. \*\**P* \< 0.01 denoted statistical significance compared with the control.](10.1177_0300060520928831-fig7){#fig7-0300060520928831}

Discussion {#sec18-0300060520928831}
==========

EC is a common cancer type globally that is frequently fatal.^[@bibr15-0300060520928831][@bibr16-0300060520928831]--[@bibr17-0300060520928831]^ Thus, the development of potent anticancer drugs is urgently needed for EC treatment. Chalcones, as the core of many biologically interesting compounds from natural sources and synthetic agents, have attracted substantial attention because of their anticancer effects.^[@bibr7-0300060520928831]^ In addition, the dithiocarbamate moiety has been used to design anticancer hybrids.^[@bibr18-0300060520928831]^ Based on the anticancer activity of chalcone and dithiocarbamate scaffolds, we designed a chalcone--dithiocarbamate hybrid via the molecular hybridization strategy.

In this work, we discovered a chalcone derivative with potent antiproliferative activity against EC. The IC~50~ values of the compound in KYSE-4, KYSE-180, and EC-109 cells were 1.06, 2.68, and 1.88 µM, respectively. The derivative also inhibited EC cell proliferation in a concentration- and time-dependent manner.

Based on the study results, the chalcone inhibited the invasion and migration of KYSE-4 cells in a concentration- and time-dependent manner. In addition, the treatment obviously decreased the protein expression of PRR11 and inhibited EMT in KYSE-4 cells. Furthermore, the chalcone downregulated the expression of β-catenin and TCF4 and upregulated that of GSK-3β. In summary, this novel chalcone inhibited the growth and metastasis of EC cells by inhibiting PRR11 expression and Wnt/β-catenin signaling. This compound might be a promising anticancer agent with potential clinical applications for several malignancies.
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